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Abstract 
In this paper, the conditions for generating cumulative second harmonics of shear horizontal guided waves are provided. The 
partial wave technique and normal modal analysis method are used to analyze the second harmonic field. Measurements of the 
accumulative growth of normalized second harmonic amplitudes of the shear horizontal guided modes by using wedge 
transducers are presented. The experimental results have a good agreement with the theoretical prediction and thus show that the 
use of these plate modes is favorable to detect material nonlinearity due to damage mechanism. 
© 2015 The Authors. Published by Elsevier B.V. 
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1. Introduction 
Experimental research and theoretical study of SH guided waves and exploration of SH guided wave applications 
have got increasingly concern. However, most SH guided wave technologies which based on linear acoustic 
features, are sensitive to gross defects, but much less sensitive to material micro-damages or  degradation. The use 
of acoustic nonlinear response has been explored as a potential approach for detecting micro-damages in early stage. 
Although nonlinear ultrasonic measurement has been a subject of considerable interest, most of the research focused 
on nonlinear bulk and surface wave [1-4]. There is rarely investigation of nonlinear SH guided waves in plate-like 
structure. Y. Liu, et al. studied the interaction of SH0 mode with Rayleigh Lamb waves in weakly nonlinear plates 
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[5], it shows that the primary SH modes are holo-internal resonant with third harmonic SH wave fields. Deng 
investigated the cumulative second-harmonic generation accompanying nonlinear shear horizontal mode 
propagation in a solid plate [6, 7].  
In this paper, the conditions of other higher order SH wave modes which can generate accumulative second 
harmonic waves are provided. Measurements of the accumulative growth of normalized second harmonic 
amplitudes of the shear horizontal guided modes by using wedge transducers are presented. The experimental results 
have a good agreement with the theoretical prediction and thus show that the use of these SH modes are favorable to 
detect material nonlinearity.  
2. Theory 
The particle vibrations of shear waves are in plane that is parallel to the surface of the layer. It is well known that 
the self-interactions and cross-interactions of shear wave propagation can generate second harmonic longitudinal 
wave. So, the acoustic field of second harmonics of SH mode propagation includes both shear components and 
longitudinal components. Considering the mixed boundary conditions with two boundary surfaces, the second 
harmonic field of SH mode propagation in the solid plate with plane strain condition is same as Lamb wave field. 
The exact solution to the second harmonics of a SH mode was presented under second order perturbation by using 
modal analysis. The second harmonic fields of the SH mode can be expanded as a series of double frequency Lamb 
wave modes. The second harmonic wave field of SH wave mode propagation can be considered as linear super-
positions of a series of double frequency Lamb modes. However, the contribution of each double frequency Lamb 
modes to the second harmonic fields of fundamental wave mode is mainly dependent on the difference of phase 
velocity and group velocity between fundamental wave mode and corresponding double frequency wave modes. 
The resonant double frequency wave mode whose phase velocity matches that of fundamental wave mode is of great 
concern. We focus on the component that has the same velocity as the fundamental mode since only the mode with 
proper phase matching can remain in the field after it propagates some distance, while all others can decay due to 
material attenuation and destructive interference with each other. It has to use dispersion curves to find the internal 
resonant mode for generating the accumulative second harmonics. 
With the traction free boundary condition, the dispersion equations of SH wave modes and Lamb wave modes in 
the same solid plate are provided in figure 1. In this work, we use SH1 mode at frequency of 2.3MHz and SH 2 
mode at frequency of 3.8 MHz which satisfy the phase matching conditions to generate the second harmonics. 
3. Experiments 
A high-power tone burst system with a pair of narrow band transducers is employed to generate a narrow band 
signal. The attenuator and receiver unit are equipped with an amplifier connected to the transducers. We have to use 
shear wave transducer and the incident angle is designed to launch a specific SH mode into the specimen by the use 
of Snell’s law. Meanwhile, to detect the second harmonic Lamb wave mode, the longitudinal wave transducer with a 
certain angle wedge is used to receive the second harmonic wave. The central frequency of receiving transducer is 
set as double of that of incident transducer to detect second harmonic waves. Transducers are mounted on the 
specimen with couplant. Consistent pressure is applied to the pair of transducers through mechanical grips to ensure 
uniform contact conditions. The data acquisition of waveforms is digitally processed using the fast Fourier 
transformation [FFT] to obtain the spectrogram of the primary wave amplitude at the fundamental frequency, and, 
the second harmonic amplitude at the double frequency. 
It is important to note that the incident angle and receiving angle are different for the reason that the incident 
mode is SH wave, while the receiving mode is Lamb wave mode.  
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Fig. 1. SH wave and Lamb wave dispersion curve. 
4. Results  
A typical SH wave mode signal, generated and detected with wedge transducers is shown in figure 2, the 
measured time domain signal was processed by fast Fourier transform (FFT) to get the frequency spectrogram. In 
the frequency spectrogram, it shows the amplitude of fundamental wave mode (A1) and double frequency second 
harmonic mode (A2). 
Fig. 2. (a) Typical time-domain signal (b) frequency spectrogram resulted by FFT. 
 
Fig. 3. Variation of the relative nonlinear parameters as a function of propagation distance. 
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In the experimental work, the relative nonlinearity can be represented as the ratio of the second harmonic 
amplitude divided by the square of the fundamental wave amplitude, which corresponds to the slope of the line 
correlating the actual acoustic nonlinear parameter, with wave propagation distance as shown in figure 3. 
It is found that the relative nonlinearity of certain SH guided wave modes grows with the propagation distance 
via the accumulative effect to a certain point when material attenuation becomes dominant. To ensure that the 
measurements from the specimens are not due to the one arising from the measurement system uncertainty, but due 
to the damage-induced nonlinearity, the demonstration of this cumulative effect is essential.   
5. Conclusions 
In this paper, the conditions for generating cumulative second harmonics of shear horizontal guided waves are 
provided. The partial wave technique and normal modal analysis method are used to analyze the second harmonic 
field. Measurements of the accumulative growth of normalized second harmonic amplitudes of the shear horizontal 
guided modes by using wedge transducers are obtained by wedge transducers. The experimental results have a good 
agreement with the theoretical prediction and thus show that the use of these plate modes is favorable to detect 
material nonlinearity due to damage mechanism. 
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